Growth cones paving the CST encounter a number of A second mutation that expresses a truncated ephrinpathfinding choice points as they extend toward their B3 protein lacking its cytoplasmic domain did not lead eventual targets in the spinal cord, including at the pyrato hopping, indicating that reverse signaling is not midal decussation, where they must cross the midline required for corticospinal innervation. Ephrin-B3 is once, along the contralateral dorsal column as they exconcentrated at the spinal cord midline, while one of tend down into the spinal cord, where they must hug, its receptors, EphA4, is expressed in postnatal corticobut not cross, the midline, and then, at the appropriate spinal neurons as their fibers pathfind down the condistance down the rostral-caudal axis of the dorsal coltralateral spinal cord. Our data indicate ephrin-B3 umn, where the axon must make the choice to enter functions as a midline-anchored repellent to stimulate the deeper layers of the contralateral spinal cord to forward signaling in EphA4-expressing axons. interactions with specific membrane-bound ligands,
T mutation truncates the cytoplasmic domain of functions of ephrin-B3 and to discriminate between the forward and reverse signals it may propagate, we generephrin-B3 at the same residue, 264; however, it does not have ␤-gal attached to it ( Figure 1B ). ated an allelic series of mutations in the mouse ephrin-B3 locus. The first mutation was designed to provide a Using the initial ephrin-B3 neo /ϩ targeted ES cells, chimeric mice were generated and used to recover germloss-of-function or hypomorphic allele that interrupts both forward and reverse signaling, while a second mutaline transmission of this allele. Subsequent alleles were obtained by successive genetic crosses to a Flp-expresstion was created to truncate the ephrin-B3 cytoplasmic domain and disrupt only reverse signaling. Our genetic ing transgene (Dymecki, 1996) to generate the ephrin-B3 lacZ allele, and then to a Cre-expressing transgene studies indicate that ephrin-B3 functions as a membranebound midline-expressed repellent to prevent EphA4- (Voiculescu et al., 2000) Both the ephrin-B3 neo and ephrin-B3 lacZ mutations were found to be homozygous viable at the expected MendeIn order to genetically dissect cell-autonomous and noncell-autonomous functions of the ephrin-B3 gene prodlian ratios and the adults appeared healthy, fertile, and long lived. In order to examine the expression of ephrinuct, we engineered an allelic series of mutations in the murine ephrin-B3 germline. The ephrin-B3 targeting B3 derived from the ephrin-B3 neo allele, total RNA was extracted from the brains of a set of littermates obtained vector used incorporated both loxP and frt site-specific recombination sequences and was designed to generfrom an intercross of ϩ/Ϫ males and females and subjected to Northern blot analysis (Figure 2A) . The probe ate a series of three mutations from a single gene targeting event in murine embryonic stem (ES) cells (Figure used was a cDNA fragment that corresponds to the extracellular domain of murine ephrin-B3 (amino acids 1A). The first mutation, the result of homologous recombination following electroporation of the targeting vector 16-182), which was not deleted in the targeted allele. An expected 3.2 kb transcript was detected in ϩ/ϩ brains into ES cells, was designed to cause a hypomorphic, potentially loss-of-function mutation, called ephrin- (Figure 2A , lanes 8, 9, and 11) and in ϩ/Ϫ brains ( Figure  2A , lanes 2-5, 7, and 10). In addition, the ϩ/Ϫ samples B3 neo . This mutation inserts into the ephrin-B3 fourth intron a neomycin resistance (neo) cassette that was presented a 2.0 kb aberrant transcript that was reduced to about 30% of the normal 3.2 kb message. In Ϫ/Ϫ flanked with frt site-specific recombination sequences. This separates the 5Ј exons encoding the majority of brains, only the 2.0 kb aberrant transcript was detected with double the intensity of that observed in the ϩ/Ϫ the extracellular domain of ephrin-B3 from the last exon, ephrin-B3 lacZ mutation results in production of the expected ephrin-B3-␤-gal fusion protein and that it is proThe ephrin-B3 lacZ mutation was designed to express a membrane-bound ephrin-B3-␤-gal fusion protein that cessed and localized to the plasma membrane.
As a further test of the properties of the engineered replaces the ephrin-B3 cytoplasmic domain with ␤-gal.
mutations, ephrin-B3
neo /ϩ and ephrin-B3 lacZ /ϩ embryos were collected at E9.0 and E11.5 days development and stained as whole-mounts for ␤-gal activity ( Figure 2C ). This led to a dark blue reaction product only in the ephrin-B3 lacZ embryos, indicating that the ephrin-B3-␤-gal fusion protein is specifically expressed from this mutation and not from the ephrin-B3 neo allele. Moreover, the expression observed for the ephrin-B3-␤-gal fusion protein precisely recapitulated the known pattern (Gale et al., 1996; Bergemann et al., 1998), with highest levels in the developing nervous system and heart. Most notable at E9.0 is the high expression in the hindbrain, and at E11.5 in the floor plate down the ventral midline of the neural tube.
ephrin-B3
neo Homozygotes Exhibit a Hopping Locomotion and Other Mirror Movements that Require Forward Signaling All mice homozygous for the ephrin-B3 neo allele display abnormal locomotion as characterized by a kangaroolike hopping gait similar to that described for EphA4 receptor mutant mice (Dottori et al., 1998). The hopping locomotion observed in ephrin-B3 neo mutants involves both forelimbs and hindlimbs, as evident by a foot-track study (Figure 3 ). Remarkably, while hopping was 100% penetrant in the ephrin-B3 neo homozygotes in all genetic backgrounds tested, not a single ephrin-B3 lacZ homozygote has shown this locomotion defect. This result indicates that the presence of the membrane-bound ephrin-B3 extracellular and transmembrane domains is important for normal motor control and that the cytoplasmic domain is not. Although the hopping gait of ephrin-B3 neo mutant ani-1998). This spinal pattern generator involves a complex interplay of proprioceptive impulses from muscular mals becomes apparent as soon as they start walking, we performed tests to determine if mirror movements spindles and tendon organs that travel in feedback circuits that bring about the reflexes basic to voluntary can be observed at earlier neonatal stages. Mild pain stimuli to newborn pups were administered by tail pinchand other movements, and of static reflexes, which counteract earth's gravity. To determine whether the ing to induce limb movements. From the day of birth (P0) until around the third day after birth (P3), all control ephrin-B3 neo homozygotes have a defect in reflexive responses, mutant and control mice were subjected to a and mutant pups showed random or alternate limb movements in response to the pain stimuli. However, mild pinch of one of the feet and the mouse was observed as to whether the manipulated limb twitched from around P4, the ephrin-B3 neo mutants began to show clear symmetric movements of the forelimbs in response singularly as the normal reflex, or whether both limbs twitched simultaneously. All animals tested this way, to the stimuli, while the ϩ/ϩ and ϩ/Ϫ littermates showed random or alternate limb movements when their tails including the hopping ephrin-B3 neo homozygotes, displayed unilateral pain reflexes (see movie). This indiwere pinched. Mirror movements in the hindlimbs ap- cates that the neuronal circuitry underlying the reflex ipsilateral internal capsule and the cerebral peduncle ( Figure 4A ) to reach the ventral brain stem where they arc is apparently normal in these mice and, therefore, pass through the medullary pyramids and then, at causupports the idea that abnormalities in motor cortex dal end of medulla, cross the midline and turn dorsally control are responsible for the mirror movements.
to (n ϭ 4) and was not detected in either the ϩ/ϩ (n ϭ 3) or ϩ/Ϫ (n ϭ 4) animals tested. In normal animals, the CST axons course through the 
Electrostimulation of the Motor Cortex Confirms Bilateral Communication of the CST (A-D), the paraventricular nucleus (E and F), the red nucleus (G and H), and the reticular nuclei (I and J). As
In order to confirm the functional significance of the abnormal collateral branching of the CST back into the we wanted to study both ipsilateral and contralateral projections, great care was taken to ensure that only ipsilateral side of the nervous system in the ephrin-B3 
Expression of Ephrin-B3 and EphA4
inserts lacZ sequences at the ATG start of translation (deleting EphA4 translation) and thus produces an unin the CST Pathway As CST axons make the pathfinding choice to defascicuconjugated ␤-gal, which aggregates to one or a few cytoplasmic compartments within the interior of the cell. late from the main longitudinal bundle and enter the deeper layers of the spinal cord during postnatal develAlthough not detected in the motor cortex at birth (P0; Figure 6A ), ephrin-B3 is highly concentrated in the spinal opment, it seemed appropriate to investigate for the expression of both ephrin-B3 and EphA4 at a number cord, where it localizes to the midline ( Figure 6D ). The staining observed is intense and labels the two midline of different time points after birth. For this analysis, we took advantage of the ephrin-B3 lacZ allele and the precells, where it appears to precisely mark their apical membranes, those which are juxtaposed. The basolatviously described EphA4 lacZ mutation (Helmbacher et al., 2000) . Both mutations incorporate lacZ insertions, which eral membranes of these midline cells show little, if any, staining for the ephrin-B3-␤-gal fusion protein. EphA4 allow a very high resolution view of the expression of these two genes by an easy stain for ␤-gal activity. In on the other hand showed a fairly low level of expression at P0 in the motor cortex and spinal motor neurons addition, as the ephrin allele generates an ephrin-B3-␤-gal fusion protein, we anticipated that this might pro-( Figures 6B, 6C , and 6E). Shortly after birth, most of the pioneer CST axons have decussated the caudal hindduce a protein that shows normal subcellular localization, as previously observed for a similarly placed brain and are actively pathfinding down the contralateral dorsal column, with the remaining axons close behind EphB2-␤-gal fusion (Henkemeyer et al., 1996) . Indeed, this appears to be the case as the staining for ephrin-(Gianino et al., 1999). While the expression of ephrin-B3 continues in a line down the middle of the spinal cord B3-␤-gal appears to be highly localized to specific regions of the plasma membrane in vivo (see below) and during postnatal stages ( Figure 6I ), EphA4 is greatly upregulated in the cortex in a layer-specific manner (Figin cultured cells (data not shown) . The EphA4 lacZ mutation ures 6G and 6H). There is obvious strong expression symmetrical movements of these mutant mice. Our ability to trace these CST axons histochemically and to test of EphA4 in layer V, which contains the cortical motor neurons that form the CST. In addition, EphA4 staining their circuits by electrostimulation clearly demonstrates the bilateral nature of these cortical connections with in layer IV is even more intense than in layer V, while expression in layers II and III is comparable to layer V. the spinal cord. The finding that the cytoplasmic domain of ephrin-B3 The postnatal upregulation of EphA4 in layer V corticospinal neurons is consistent with a role for forward sigis dispensable for this function provides strong evidence that this molecule specifically acts as the guidance cue naling in the CST growth cones only after they have crossed the midline.
(the ligand) to stimulate the forward signal into Eph receptor-expressing axons. However, previous studies of a targeted mutation in the gene encoding the EphA4 Discussion receptor, which can bind ephrin-B3, led to suggestions that EphA4 functioned as the cue and ephrin-B3 as the We provide a genetic analysis of the function of ephrin-B3 in the mouse. Our studies indicate that loss of ephrinreceptor to transduce a reverse signal into CST axons (Dottori et al., 1998). In that study, the gene expression B3 results in a striking motor defect as manifested by a hopping locomotion and other symmetrical movedata used to draw conclusions was restricted to late embryonic stages and birth, a window of time that prements of the limbs. By generating a second mutation that selectively disrupts only the cytoplasmic domain of cedes when CST axons are pathfinding down the spinal cord. As CST axons make the choice to branch off collatephrin-B3, we demonstrate that these mice do not hop or show other mirror-type movements, indicating that eral fibers from the main longitudinal bundle to innervate the spinal cord gray matter during postnatal developreverse signaling mediated by ephrin-B3 is dispensable for normal corticospinal function. We show that, in the ment, we investigated for the expression of ephrin-B3 and EphA4 at a number of more relevant time points absence of ephrin-B3-mediated forward signaling, the contralateral CST axons can aberrantly traverse the midafter birth. Our data indicate that, at the time after which CST axons have crossed the midline at the pyramidal line in the spinal cord and reenter the ipsilateral side of the nervous system. This leads to bilateral innervation decussation and are actively pathfinding down the dorsal column of the contralateral spinal cord, the EphA4 of the CST with the spinal motor column (Figure 7) and such a wiring defect is consistent with the observed receptor is upregulated in CST neurons and ephrin-B3 is concentrated solely at the midline. The midline is proin the situation described here for EphA4 and ephrin-B3. In the previous two examples, bidirectional signaling posed to form a repulsive barrier that is highly selective for certain axons, including the CST fibers. Taken tois required, on the ipsilateral side, to guide axons toward and across the midline. In the case of the CST axons, gether, our results provide convincing evidence that ephrin-B3 is functioning as an important molecular comEph-ephrin signaling becomes important only after the growth cone has crossed the midline, and this signal ponent of this midline barrier. We therefore propose that ephrin-B3 functions in a non-cell-autonomous fashion apparently ensures that they do not recross back into the ipsilateral side. Perhaps, in some instances, the to send a repulsive cue to the contralateral EphA4-expressing CST axons, which transduces a forward sigfunction of Eph receptors (i.e., EphB2) is to coax/drive the growth cone toward and across the midline, while nal into the growth cones to keep them from crossing the spinal cord midline. that of EphA4 is to then take over the driving seat and ensure that the growth cone, from this point forward, The situation observed here for EphA4 and ephrin-B3 is quite similar to another group of important axon avoids crossing the midline again. Indeed, this theme of being able to guide axons at the midline can even be guidance molecules, 
